The effect of the morphology of the support particles on nickel-catalyzed decomposition of methane into carbon nanotubes and hydrogen was explored using a thermogravimetric apparatus. Er3Ga5O12 synthesized by the glycothermal method was used as the support of the Ni catalyst. As calcination temperature increased, morpho logy and pore-size distribution of Er3Ga5O12 changed. High carbon nanotube yield was attained over Ni catalyst supported on Er3Ga5O12 particles with spherical shape and smooth surfaces. Various aluminas were also examined for the support of the Ni catalysts. Quite high carbon yield was observed over Ni catalyst supported on spherical Al2O3 particles (Nanophase Technologies Corp.). Spherical support particles with smooth surfaces touch at a point, so can change positions easily. Therefore, the most important factor governing the carbon yield is the morphology of the catalyst support.
Introduction
Carbon nanotubes have attracted much interest since discovery 1), 2) , because of their unique outstanding properties 3) 5) . Carbon nanotubes are very remarkable materials with many potential applications including fillers for polymers 6) , anodes for lithium rechargeable batteries 7) , catalytic support materials 8) , and hydrogen storage media 9) . Tremendous progress has been made in the synthesis of carbon nanotubes. Carbon nanotubes can be manufactured using laser-ablation 10) , arcdischarge 11) , or catalytic decomposition of hydrocarbons 12) . Among these methods, catalytic decomposition of methane, the main component of natural gas, seems to be the most effi cient for large-scale and low-cost synthesis 13) 15) .
We previously reported that Ni catalyst supported on glycothermally-synthesized zirconia is one of the most effective catalysts for catalytic decomposition of methane into carbon nanotubes and hydrogen 16) . We believe that the spherical morphology of glycothermallyprepared zirconia particles is one of the important factors. Therefore, the present study examined the catalytic decomposition of methane over Ni catalysts supported on spherical particles of erbium gallium garnet, synthesized by the glycothermal method.
Glycothermal synthesis of rare earth gallium garnets has been explored in our laboratory 17) 19) . For the rare earth elements with large ionic sizes, crystal growth of the garnet proceeds relatively slowly, yielding spherical particles with smooth surfaces. On the other hand, for the rare earth elements with small ionic sizes, crystal growth of the garnet takes place quite rapidly and monodispersed spherical particles can be obtained by adjusting the experimental conditions. However, the particles have apparently polycrystalline outlines with rough surfaces, although each particle is grown from one nucleus 19) . Erbium gallium garnet is the latter type and the morphology can be changed by increasing calcination temperature. Therefore, this study investigated erbium gallium garnet as a support to examine the relationship between the support morphology and the carbon yield.
Experimental
Erbium gallium garnet was prepared by the glycothermal (GT) method 17) 19) . Required amounts of Er(CH3COO)3 4H2O and Ga(acac)3 were suspended in 1,4-butanediol in a test tube, serving as autoclave linear, and the test tube was placed in a 300-ml autoclave.
l autoclave. l
The autoclave was thoroughly purged with nitrogen and heated to 300 C at 2.3 C/min and kept at that temperature for 2 h. The product was collected by centrifuging, washed with methanol, dried in air, and then calcined at various temperatures (700, 850, 1000, 1100, and 1200 C) for 30 min. γ-Alumina support was prepared by calcination of pseudoboehmite (Vista Chemical Co.). Spherical Al2O3 (Nanophase Technologies Corp.) and Al2O3 (JRC-ALO-8) were also used as catalyst supports. Catalysts were prepared by the impregnation method using an aqueous solution of nickel nitrate with the total Ni loading of 10 wt%. After impregnation, the catalysts were calcined at 400 C for 30 min.
Methane decomposition was carried out in a thermogravimetric apparatus (Rigaku Corp., TAS8110) ( Fig. 1) . The catalyst (20 mg) was set in a Pt mesh holder and heated in an argon fl ow (10 ml/min) to the l/min) to the l reaction temperature (650 C), and the gas flow was changed to methane (40 ml/min) to start decomposition l/min) to start decomposition l of methane. The weight gain due to carbon formation was monitored during the reaction, and the reaction was continued until the weight gain ceased. The rate of carbon formation was calculated from the initial slope of the weight gain curve, and the carbon yield was directly obtained from the weight gain at the end of the reaction.
The morphology of the carbon deposited by methane decomposition was observed using a transmission electron microscope (TEM), Hitachi H-800, operated at 200 kV. Carbon without purification was used for TEM experiments; so the samples contained catalyst materials. The nitrogen adsorption isotherm was determined using a volumetric sorption system, Yuasa Ionics Inc., Autosorb-1. Pore size distribution was calculated from the desorption branch of the nitrogen adsorption isotherm using the BJH method.
Results and Discussion

1. Methane Decomposition over Ni/Er3Ga5O12
Methane decomposition was carried out at 650 C over the Ni catalysts supported on glycothermallyprepared Er3Ga5O12 calcined at various temperatures. Although the initial rates of carbon formation were almost the same regardless of calcination temperature (700-1100 C), the carbon yield varied signifi cantly with the calcination temperature of the support and increased as the calcination temperature increased from 700 C to 1000 C (Fig. 2) . The support calcined at 1000 C gave the highest carbon yield (7.60 g/g-cat), which was twice as high as the carbon yield of the catalyst supported on glycothermally-synthesized zirconia (3.47 g/ g-cat), which showed the highest carbon yield in our previous study 16) . The carbon yield drastically decreased when the support calcined at 1100 C was used. Although Er3Ga5O12 had been scarcely examined for the catalyst supports, it showed relatively high performance for Ni-catalyzed methane decomposition when optimally prepared. Figure 3 shows the TEM images of carbon nanotubes formed on the catalysts with the supports calcined at various temperatures. The products formed on all catalysts were tube-like carbons. Amorphous carbons were rarely observed. The outer diameter of carbon nanotubes formed on the catalyst with the supports calcined at 700, 850, 1000, and 1100 C were 30-60 nm, 30-60 nm, 20-50 nm, and 20-70 nm, respectively.
2. Change of Morphology of Er3Ga5O12 with
Increasing Calcination Temperature Figure 4 shows X-ray diffraction (XRD) patterns of erbium gallium garnet calcined at various temperatures. The as-synthesized product already showed the peaks due to the garnet-type structure, and no other peaks were observed. Calcination did not alter the XRD pattern, although the peaks were sharpened by increasing calcination temperature. Figure 5 shows the TEM images of Er3Ga5O12 parti- cles calcined at various temperatures. The assynthesized Er3Ga5O12 particles had spherical and polycrystalline outlines, and the particle size was distributed in a narrow range ( 300 nm). However, highmagnifi cation TEM observation of the particles showed that whole particle was covered with a single lattice fringe, suggesting that each spherical particle was actually a single crystal grown from only one nucleus 19) . The selected area electron diffraction pattern of an Er3Ga5O12 particle also indicated the single crystalline nature of the particle, but the diffraction spot was com-posed of several subspots resulting in apparent polycrystalline outlines. The Er3Ga5O12 particles calcined at the temperature range of 700-1000 C were nearly spherical. As the calcination temperature increased, the surface of the particles became smooth, but the particle size was essentially unchanged. However, calcination of the sample at 1100 C caused partial sintering of the particles and large aggregates were observed ( Fig. 5 (d) ). On the other hand, the ZrO2 particles synthesized by the glycothermal method were 3 µm sized spheres of aggre gates of randomly-oriented primary particles having an average diameter of 4 nm. Figure 6 shows the pore-size distributions of the The support particles calcined at 700 C had meso pores and the modal pore diameter was slightly enlarged by calcination at 850 C. By calcination at temperatures 1000 C, the meso pores disappeared and the support particles had negligible pore volumes. This finding accords with the morphological change of the support particles. The particles calcined at 700 and 850 C had meso pores resulting from deep crevices between crystallites. The particles calcined above 1000 C had smooth surfaces because of sintering between the crystallites in the particle. Therefore, no meso pore systems were detectable by the nitrogen adsorption method. The surface areas of Er3Ga5O12 calcined at 700, 850, 1000, and 1100 C, calculated from the nitrogen adsorption isotherm by the BET method, were 16, 9.7, 4.4, 2.4 m 2 /g, respectively. The crevices in the samples calcined at lower temperatures had relatively large surface areas. Figure 7 illustrates the model of the morphological change of the support particles by calcination. The support particles calcined at 700 and 850 C were spherical, but had rough surfaces with deep crevices between the crystallites. The particles calcined at 1000 C were well-divided with smooth surfaces. Sintering between the particles occurred with calcination at 1100 C, and the aggregated particles became irregularly shaped.
Effect of the Morphology of the Support
Particles on Carbon Nanotube Growth It is generally accepted that the carbon nanotubes grow on the supported Ni catalysts by a tip-growth mechanism in methane decomposition 20) . The Ni particles are detached from the supports and placed at the tips of carbon nanotubes. Carbon nanotubes grow as if lifting the Ni particles. At the early stage of methane decomposition, carbon nanotubes come in contact with other surrounding support particles. If the support particles are spherical and the surfaces are smooth, mobility is not restricted. On the other hand, if interaction between support particles due to surface energy is strong, mobility is restricted and carbon nanotube growth will be prevented because there are limited spaces between the particles. Spherical support particles touched one another at a point, easily allowing change in position ( Fig. 8 (a) ); therefore, the Ni catalysts supported on spherical particles showed high carbon yields. The carbon yield increased as the calcination temperature increased from 700 C to 1000 C because the support surface became smoother. On the other hand, if the surfaces of the support particles were rough or the particles were irregularly shaped, mobility decreased because particles touched one another at a surface ( Fig. 8 (b) ). The growth of carbon nanotubes was stopped when the growing carbon nanotubes collided with other support particles. Therefore, the Ni catalysts supported on such particles showed low carbon yields. The Ni catalyst supported on the 1100 C calcined sample showed much lower carbon yield than the catalyst supported on the 1000 C calcined sample because the support particles were aggregated and irregularly shaped.
The crystallite sizes of NiO supported on the Er3Ga5O12 samples were calculated from the XRD patterns by the Scherrer equation as 20.5, 18.6, 13.7, and 10.0 nm for the supports calcined at 700, 850, 1000, and 1200 C, respectively. The particle sizes of NiO supported on the Er3Ga5O12 observed by TEM accorded with the crystallite sizes calculated from XRD patterns. The particle size of NiO was apparently controlled by the drying speed of the impregnated solution from which Ni(NO3)2 crystals are deposited. Slow drying speed gave larger crystals of Ni(NO3)2. However, no relationship was found between the particle size of NiO and the carbon yield. The highest carbon yield was attained with the support calcined at 1000 C, but the carbon yield drastically decreased with the support calcined at 1100 C. Moreover, the Ni particles at the tips of carbon nanotubes were much larger than the particle size of NiO, indicating that particle growth occurred at the initial stage of the reaction. This point will be discussed in a separate paper.
4. Effect of Grinding the Support Particles on
Carbon Nanotube Growth The Er3Ga5O12 particles calcined at 1200 C were ground for a long time to investigate the effect on the carbon nanotube growth over Ni catalysts. The morphology of the ground particles is shown in Fig. 9 (b) . The shape of the ground particles was nearly spherical, indicating that the sintered Er3Ga5O12 particles were pulverized into the original particles by the grinding treatment. The BJH pore-size distribution (Fig. 10) shows that the sintered Er3Ga5O12 particles had essentially no pores, except a pore system with only a small pore volume formed by grinding. This pore system apparently resulted from the presence of small debris in the ground sample ( Fig. 9 (b) ). The BET surface areas of the original and the ground samples were 2.2 and 2.4 m 2 /g, respectively. Therefore, the surface area of the debris in the latter sample was negligible. The carbon yield over the catalyst supported on the sintered Er3Ga5O12 particles was quite low (0.843 g/g-cat). On the other hand, the carbon yield over the catalyst supported on the ground Er3Ga5O12 particles was very high (5.55 g/g-cat). This result also supports the argument that the morphology of the catalyst support has the decisive effect on the carbon nanotube yield by the Nicatalyzed methane decomposition.
5. Methane Decomposition over Ni/Al2O3
We also investigated methane decomposition over Ni catalysts supported on various aluminas. Figure 11 shows the morphology of the spherical alumina sample purchased from Nanophase Technologies Corp. All particles were spherical, although the particle diameter varied widely. The crystal phase of this sample was assigned as γand θ-alumina by XRD, whereas the BET surface area was 35 m 2 /g. Figure 12 shows the weight gain due to carbon formation at 650 C over the Ni catalysts supported on various alumina samples. The Ni catalysts supported on the ordinary alumina particles (JRC-ALO-8 and synthesized γ-Al2O3) showed quite low carbon yields (0.665 and 0.105 g/g-cat, respectively). As expected, the Ni catalyst supported on spherical alumina particles gave a high carbon yield (8.23 g/g-cat). This result confirms that the Ni cata- lysts supported on spherical particles show high activities in methane decomposition. Figure 13 shows the TEM images of carbon deposited on the catalysts supported on the aluminas. Carbon nanotube was observed on all catalysts. The distributions of the outer diameters of carbon nanotubes formed on the catalysts with the synthesized γ-alumina, JRC-ALO-8, and spherical alumina were 10-20, 10-35 and 15-45 nm, respectively. The surface area of the synthesized γ-alumina and JRC-ALO-8 were 183 and 158 m 2 /g, respectively, which were much larger than that of the spherical alumina. Therefore, Ni particles were dispersed well on the synthesized γ-alumina and JRC-ALO-8 particles, and the small Ni particles formed thin carbon nanotubes. Fumed SiO2 (Cab-O-Sil from CABOT Co.) has been proposed as the most effective support for Ni-catalyzed methane decomposition, possibly because the support has no pore structure 21) . Carbon nanotubes formed in the pores would collide with other carbon nanotubes in the pores. We agree that the supports with smooth surfaces and no pore systems are effective for Ni-catalyzed methane decomposi tion. However, the glycothermally-prepared ZrO2 has a pore system, so the most important factor is not whether or not the support has the pore system but the morphology of the support particles which determines their mobility.
Conclusion
The present results clearly showed that the morphology of the catalyst support had a decisive effect on the carbon nanotube yield by the Ni-catalyzed decomposition of methane. Spherical support particles with smooth surfaces touch only at a point, so can change position easily. Therefore, they do not prevent carbon nanotube growth. On the other hand, support particles which are irregularly shaped or have rough surfaces touch at surfaces and large energy is required to move the support particles. Therefore, Ni catalysts supported on such particles provide low carbon yields. Therefore, the carbon yield by the Ni-catalyzed decomposition of methane is determined by physical factors, not by chemical or thermodynamical factors. 
